Fibroblast growth factor (FGF) 21 is an endocrine factor that normalizes glucose homeostasis and reduces insulin resistance in diabetes. Although the pancreas is an FGF21 target organ, its role in pancreatic islets remains obscure. This study aimed to elucidate the physiological role of FGF21 in pancreatic islets using FGF21-knockout (FGF21-KO) mice. Twenty-four-week-old male global FGF21-KO mice were used in this study. Glucose and insulin tolerance were assessed. Expression of genes and proteins related to islet function and underlying mechanisms were also examined. Islet morphology and insulin-secreting capacity were further evaluated. FGF21-KO mice exhibited insulin resistance while being normoglycemic, associated with increases in beta-cell proliferation and insulin synthesis, acting as compensatory responses. This phenotype probably results from enhanced growth hormone (GH) sensitivity in FGF21-KO mouse islets. In addition, ex vivo FGF21 treatment in normal C57BL/6J mouse islets reduced GH signaling, probably via upregulation of peroxisome proliferator-activated receptor gamma (PPARγ) and cytokineinducible SH-2 containing (CIS) protein, whereas KO mouse islets displayed reduced PPARγ and CIS expression. FGF21 treatment also reversed GH-induced insulin expression, beta-cell proliferation and GH-impaired glucose-stimulated insulin secretion (GSIS) in islets. Furthermore, distorted islet morphology and impaired GSIS were observed in KO mice, suggestive of islet dysfunction, whereas the enhanced insulin expression and impaired GSIS in FGF21-KO mouse islets could be reversed by blockade of GH signaling. Our data indicate that FGF21 is important in the regulation of beta-cell proliferation and insulin synthesis, probably via modulation of GH signaling. These findings provide evidence that FGF21 is an obligatory metabolic regulator in pancreatic islets and shed new light onto the role of endogenous FGF21 in the pathogenesis of insulin resistance and islet dysfunction.
Type 2 diabetes mellitus (T2DM), which is defined as hyperglycemia of sufficient magnitude to lead to detrimental effects, results when insulin resistance develops in association with dysregulated insulin secretion and loss of beta-cell mass. 1 Insulin resistance prompts pancreatic islet compensatory responses such as increased beta-cell proliferation and insulin production. At this stage, whether an insulin-resistant individual will progress to frank hyperglycemia depends on the ability of islets to provide adequate compensatory insulin secretion. 2 Fibroblast growth factor (FGF) 21 is an endocrine factor that belongs to the FGF family. It has been demonstrated to be a potent regulator of glycemia, lipid metabolism and energy homeostasis. FGF21 treatment reduces plasma levels of glucose and triglycerides, as well as improves insulin sensitivity and glucose clearance in diabetic mice; FGF21 protects rodents from weight gain and hepatosteatosis upon a high-fat diet challenge. [3] [4] [5] FGF21 also improves lipoprotein profiles in nonhuman primates. 6 Notably, pancreatic islets are one of the major FGF21 targets as FGF21 enhances beta-cell function and survival. 7 In this context, our laboratory has recently defined the role of FGF21 in islet glucotoxicity under diabetic conditions. 8 Growth hormone (GH) is synthesized and released by the anterior pituitary gland to regulate multiple physiological processes including growth and metabolism. 9, 10 When GH binds to the GH receptor (GHR) on cell surface, janus kinase 2 (JAK2) is phosphorylated and activated; it in turn phosphorylates members of the signal transducers and activators of transcription proteins (STAT), mainly 5A and 5B, thus leading to their nuclear translocation to regulate target genes transcription. 9 Several molecules have been identified to modulate GH signaling, including suppressors of cytokine signaling (SOCS), cytokine-inducible SH-2 containing (CIS) protein, 11, 12 and peroxisome proliferator-activated receptor gamma (PPARγ), 13 which directly inhibit phosphorylation or transcriptional activity of JAK and STAT. It is well documented that GH antagonizes insulin action and induces in vitro and in vivo insulin resistance. 10 Chronic exposure to GH modulates insulin signal transduction in muscle and adipose tissues 14, 15 while causing hyperinsulinemia and insulin resistance. 16 Clinically, humans with acromegaly or with infused GH exhibit reduced hepatic and extrahepatic insulin actions. 17, 18 On the other hand, it has long been known that GH stimulates beta-cell proliferation and insulin synthesis. [19] [20] [21] Hypersecretion of GH in rats with GH-secreting tumors results in increased insulin levels with beta-cell proliferation and the development of islet hyperplasia. 22, 23 These findings suggest that GH acts on beta cells, leading to compensatory responses that cope with the increased insulin resistance.
Meanwhile, recent studies have found that FGF21 interacts with GH; transgenic mice with FGF21 overexpression show reduced growth and blunted hepatic GH signaling. 24 Apart from effects on the liver, FGF21 also mediates the chronic undernutrition induction of GH insensitivity. 25 Increased FGF21 expression during food restriction directly suppresses growth plate chondrocyte proliferation and differentiation, thus reducing skeletal growth. 26 Notably, GH can stimulate hepatic FGF21 expression directly or indirectly, suggesting a negative feedback loop that prevents excessive GH signaling. 27, 28 Although it is known that both FGF21 and GH are involved in the determination of insulin sensitivity and/or resistance, whether FGF21 modulates metabolic parameters via its interaction with GH has not been investigated. More importantly, it is well recognized that islet dysfunction has a critical role in controlling the progression of T2DM; however, the physiological role of FGF21 and the functional correlate between FGF21 and GH in the islets has not been explored.
In light of these findings and of the knowledge gap identified, this study aimed to elucidate the role of FGF21 in islet function and in the pathogenesis of T2DM and, in particular, to identify the role of GH signaling via the use of FGF21-knockout (KO) mice.
Results
FGF21-KO mice are normoglycemic, hyperinsulinemic and insulin resistant. FGF21-KO mice displayed similar overnight fasting blood glucose to values seen in wild-type (WT) mice ( Figure 1a ; WT = 3.12 ± 0.25 mmol/l; KO = 3.46 ± 0.34 mmol/l). FGF21-KO mice exhibited slightly higher glucose responses during intraperitoneal glucose tolerance test (IPGTT) to those in WT mice, but these were not significantly different (Figures 1b and c; area under the curve: WT = 1119.84 ± 112.56 mmol/l × min; KO = 1358.51 ± 164.50 mmol/l × min). Serum insulin levels of FGF21-KO mice were significantly elevated compared with WT mice during the glucose tolerance test (Figure 1d ). However, the response to glucose, expressed as percent of basal insulin, was reduced in KO mice (Figure 1e ). Islet insulin mRNA levels were upregulated in FGF21-KO mice (Figure 1f ;~2.5-fold greater than the WT mice). FGF21-KO mice were less insulin sensitive than WT mice with higher blood glucose concentrations at 15 min and 30 min after insulin injection (Figures 1g and h) and consistently, the 'homeostasis model assessment' (HOMA-IR) index, which measures the degrees of insulin resistance, was also increased in FGF21-KO mice (Figure 1i ). FGF21-KO mice display islet hyperplasia and increased beta-cell proliferation. FGF21-KO mouse islets were larger than those of WT mice (Figures 2a and b; WT = 12311.36 ± 884.54 μm 2 ; KO= 19321 ± 2290.51 μm 2 ), as shown by hematoxylin-eosin staining. FGF21-KO mice also had increased beta-cell proliferation (Figure 2c ), as evidenced by immunostaining results. In islets from 24-week-old WT mice, the cell proliferation marker Ki-67 was virtually absent, but was easily detectable in FGF21-KO mice. Ki-67 staining was co-localized to the nuclei (labeled by DAPI) of beta cells (stained by insulin), indicating increased beta-cell proliferation ( Figure 2d ; WT = 0.27 ± 0.17; KO = 0.72 ± 0.39% Ki-67positive beta cells). A slight, but statistically insignificant increase in islet number per pancreatic section was detected in FGF21-KO mouse islets (Figure 2e ; WT = 5.33 ± 0.80; KO = 8.01 ± 1.08 islets per section). In addition, FGF21 deficiency did not affect islet apoptosis as shown in Supplementary Figure S1 , suggesting that islet hyperplasia in FGF21-KO mice was mainly due to increased beta-cell proliferation.
FGF21-KO mouse islets show distorted morphology and increased alpha-cell population. Immunofluorescent staining of pancreatic islets from FGF21-KO mice revealed a distortion of islet cell distribution. In WT mouse islets, beta cells were located centrally, whereas alpha cells were distributed along the periphery of the islets. Unlike WT mice, some alpha cells in FGF21-KO mouse islets were found in the center of the islets (Figure 3a Figure S2 ). In addition, FGF21-KO mouse islets exhibited an increase in alpha-cell area ( Figure 3b ; WT = 13.05 ± 1.67; KO = 19.2 ± 2.43% alpha-cell area), which is attributed by the increased alpha-cell proliferation as shown by Ki-67 staining (Supplementary Figure S3 ). However, no significant difference was found in islet mRNA or serum levels (after 6 h fasting) of glucagon between WT and FGF21-KO mice (Figures 3c and d ).
FGF21-KO mouse islets display enhanced GH sensitivity, whereas exogenous FGF21 treatments inhibit GH signaling in normal C57BL/6J mouse islets. To study the crosstalk between FGF21 and GH, serum GH levels in WT and FGF21-KO mice were measured in fed and overnight-fasted states. FGF21 deficiency had no effect on the production of GH in either fasting or fed state (Supplementary Figure S4A ). GH action in islets was examined by determining GHR expression in both FGF21-KO and WT mouse islets. In 24-week-old mice, GHR mRNA was higher in FGF21-KO than WT mouse islets (Supplementary Figure S4B ). However, significant change in GHR protein levels was not detected (Supplementary Figure S4C ) while exogenous FGF21 treatment in normal mouse islets did not affect GHR expression ( Supplementary Figures S4D and E ). Isolated islet responses to GH were then studied by measuring JAK2 and STAT5 phosphorylation. After treatment with recombinant GH (0, 25, 50, or 100 ng/ml) for 15 min, FGF21-KO mouse islets showed enhanced phosphorylation of JAK2 and STAT5 compared with that in WT mouse islets (Figures 4a and b ). To investigate the direct effects of FGF21 on GH action in islets, islets isolated from normal mice were pre-treated with recombinant FGF21 (0, 0.5, 1, or 2 μg/ml) before GH-induced signaling was examined. After 72 h treatment, both JAK2 and STAT5 phosphorylation induced by GH (100 ng/ml) was reduced in a dose-dependent manner, in which the greatest effect was found at 2 μg/ml of FGF21 (Figures 4c and d) .
GH-induced insulin expression and beta-cell proliferation are reversed by FGF21 in normal mouse islets. Insulin gene expression and beta-cell proliferation were measured to further examine the effects of FGF21 on GH actions at the functional levels. As shown in Figure 5a , GH treatment (100 ng/ml, 72 h) increased insulin mRNA expression bỹ 2.5-fold in normal mouse islets, whereas co-treatment with FGF21 inhibited GH's effect dose dependently. In addition, GH (100 ng/ml, 72 h) increased beta-cell proliferation in normal mouse islets, whereas FGF21 (2 μg/ml) reduced GH's effect expression was reduced by 30% in FGF21-KO mouse islets, whereas FGF21 (2 μg/ml, 72 h) increased PPARγ expression in normal mouse islets by~1.5-fold. Rosiglitazone (20 μmol/l), a PPARγ agonist, did not block GH-induced STAT5 phosphorylation ( Figure 6c ), but did reverse GH-induced insulin mRNA expression in normal mouse islets ( Figure 6d ). The role of CIS in FGF21-induced inhibition of GH signaling was also investigated. Notably, CIS mRNA expression was reduced by 63% in FGF21-KO mouse islets (Figure 6e ), whereas FGF21 increased CIS expression by approximately twofold in normal mouse islets ( Figure 6f ). In addition, expression of SOCS1 and SOCS3 was unaltered by FGF21 treatment ( Supplementary Figures S5A and B ), whereas recombinant adiponectin (1 μg/ml) did not affect PPARγ expression and GH-induced STAT5 phosphorylation in islets ( Supplementary Figures S5C and D) , suggesting that these molecules were not involved in FGF21's actions.
FGF21-KO mouse islets exhibit impaired glucosestimulated insulin secretion (GSIS). For islet insulinsecreting capacity, high-glucose challenge induced insulin secretion in both WT and FGF21-KO mouse islets ( Figure 7a ). However, the insulin secretion upon glucose challenge was significantly reduced in FGF21-KO mouse islets, as shown by the reduced % of low glucose (Figure 7b ; WT = 676.23 ± 140.4; KO = 292.36 ± 48.66% of low glucose).
To test whether enhanced GH signaling impairs GSIS in FGF21-KO mice, isolated islets from normal mice were treated with GH, with or without FGF21 prior to GSIS assessment. As shown in Figure 7c , GH (100 ng/ml, 72 h) increased basal insulin secretion (in 1.6 mmol/l low glucose) as compared with vehicle. Insulin release in response to high glucose was, however, reduced by GH treatment, but co-treatment with FGF21 (2 μg/ml) reversed the inhibitory effect of GH on GSIS (Figure 7d ; Vehicle = 366.78 ± 63.87; GH = 161.76 ± 18.61; GH+FGF21 = 311.44 ± 32.29% of low glucose).
Inhibition of GH signaling in FGF21-KO mouse islets downregulates insulin expression and rescues the impaired GSIS. To further confirm the role of GH signaling in the phenotypes of FGF21-KO mouse islets, insulin expression and GSIS were measured after inhibition of STAT5. As shown in Figure 8a , inhibition of basal GH 
Discussion
The present study is the first to report the modulatory action of FGF21, probably via GH signaling, in the pathogenesis of insulin resistance, and its regulatory role in pancreatic islet response to insulin resistance. FGF21 treatments improve glycemic control, insulin sensitivity and islet function in various animal models. [3] [4] [5] [6] [7] In corroboration, clinical studies have also revealed associations between serum FGF21 levels and parameters of glucose metabolism. 29, 30 However, most previous in vivo studies on FGF21 were based on the gainof-function approaches and whether endogenous FGF21 is an obligatory metabolic regulator remains unclear. In this study, we found that loss of FGF21 in vivo led to increased insulin resistance without changes in glycemia. On the other hand, FGF21 deficiency induced islet hyperplasia and hyperinsulinemia as compensatory responses, which were due, at least in part, to the removal of inhibitory effects of FGF21 on islet GH signaling.
It has been known that glucose is a direct inducer of betacell hyperplasia. 31 However, in many situations with insulin resistance, both insulin synthesis and beta-cell proliferation are increased without overt changes in glycemia. 32 Among circulating hormones or growth factors, GH is well documented as antagonizing the metabolic actions of insulin 14, 15, 33 and increasing insulin resistance, 17, 18 as well as being implicated in the islet hyperplasia seen with insulin resistance. 32 In the current study, we have demonstrated that FGF21 inhibited GH signaling downstream of the GHR through reduction of GHinduced JAK2 and STAT5 phosphorylation, insulin expression, and beta-cell proliferation in pancreatic islets. The loss of FGF21 led to increased islet GH sensitivity without changing circulating GH levels, as evidenced by enhanced GH-induced JAK2 and STAT5 phosphorylation at the molecular level; this in turn resulted in increased beta-cell proliferation, islet size and insulin production, the well-known effects of GH on islets. [19] [20] [21] Islet cell mass is generally governed by the balance between cell proliferation and apoptosis; however, our study has shown no change in islet apoptosis in FGF21-deficient state, suggesting that islet hyperplasia in FGF21-KO mice was largely due to enhanced cell proliferation. As FGF21 and GH share other target organs, such as the adipose tissue, a major site for insulin, increased insulin resistance under FGF21 deficiency may reflect altered GH signaling in such organs, whilst concurrent compensatory islet responses would tend to maintain euglycemia in FGF21-KO mice. Several major endocrine tissues (e.g., liver, adipose tissue and pancreatic islets) have been shown to be resistant to FGF21 in obese diabetic mice, 8, 34 hence the use of global KO mice might mimic these in vivo diabetic conditions, when particularly attempting to explore the roles of FGF21 during T2DM pathogenesis. On the other hand, our ex vivo data have clearly shown that FGF21 directly inhibited GH signaling in isolated islets, as shown by the inhibition on GH-induced JAK2 and STAT5 phosphorylation, as well as GH-induced insulin expression and beta-cell proliferation, which were consistent with the observations in FGF21-KO mice. These data also support our hypothesis that loss of FGF21 would directly regulate islet cell growth and function in vivo. Noticeably, a previous study by Wente et al. 7 has shown that FGF21 preserves islets and beta cells in db/db diabetic mice through reduction of islet glucolipotoxicity and apoptosis, whereas FGF21 does not affect islet cell proliferation. Together with the findings in this study, these results suggest that FGF21 may only inhibit beta-cell expansion induced by excess growth stimuli, but not in db/db mouse islets where most of the beta cells are exhausted. Moreover, systemic administration of FGF21 improves insulin sensitivity and relieves hyperinsulinemia in ob/ob, db/db mice, diet-induced obese mice and diabetic monkeys, [3] [4] [5] [6] [7] which are consistent with our data that loss of FGF21 induces insulin resistance and hyperinsulinemia. These findings suggest that FGF21 may act as a positive regulator to maintain normal islet cell mass in different physiological conditions, as well as to maintain normal insulin sensitivity and insulin secretion. The next issue to address is how FGF21 inhibits islet GH signaling. In this regard, we have shown that FGF21 inhibited GH-induced signaling, probably through the effects on PPARγ and CIS, independent of GHR expression. PPARγ is a member of the nuclear hormone receptor family, well known to regulate diverse biological processes, including glucose and lipid homeostasis. 35 Specifically, targeted elimination of PPARγ in beta cells is associated with islet hyperplasia, 36 whereas activated PPARγ inhibits GH signaling. 13 We here report that FGF21 increased islet PPARγ expression while PPARγ was downregulated in FGF21-deficient islets, which were in line with previous findings that FGF21 promotes PPARγ activity and expression in adipose tissue. 37, 38 Rosiglitazone-induced PPARγ activation reversed GHinduced islet insulin expression without affecting GH-induced STAT5 phosphorylation, which were consistent with previous work that PPARγ inhibits transcriptional activity of STAT5 but not tyrosine phosphorylation. 13 Therefore, the inhibitory effects of FGF21 on islet JAK2 and STAT5 phosphorylation should be mediated by other pathways. GH signaling is also modulated by SOCS protein and CIS, which specifically inhibit JAK2 and STAT5 phosphorylation. 11, 12 Our findings of reduced CIS mRNA levels in FGF21-KO mouse islets, and the FGF21-induced increase in CIS expression in normal mouse islets, suggest that FGF21 may inhibit GH signaling through the induction of both PPARγ and CIS expression, so that the reduction of PPARγ and CIS levels in FGF21-KO mouse islets could lead to enhanced GH sensitivity. Recent studies have elucidated a regulatory mechanism between FGF21, PPARγ and adiponectin in adipose tissue in which adiponectin is a mediator of some specific metabolic actions of FGF21. 39, 40 Our ex vivo studies have demonstrated that direct FGF21 treatments in isolated islets enhanced PPARγ expression and reduced GH signaling. To determine whether adiponectin is involved in the action of FGF21 in islets in vivo, we treated isolated islets with recombinant adiponectin and found that adiponectin did not alter PPARγ expression and GH-induced signaling, suggesting that the effects of FGF21 on islet GH signaling is independent of adiponectin.
FGF21-KO mice exhibited distorted islet architecture and reduced insulin-secreting capacity during glucose challenge both in vivo and ex vivo, suggestive of islet dysfunction. The molecular mechanism(s) whereby normal spatial distribution of cell types in islets is maintained remains largely unknown. As abnormal islet structure is often accompanied by impaired GSIS, as observed in Glut2-deficient and glucokinasedeficient mice, 41, 42 it is plausible to speculate that abnormal islet architecture itself contributes to impaired GSIS. In addition, FGF21-KO mice displayed increased alpha-cell population even though no difference was found in mRNA or serum levels of glucagon. As GH does not directly stimulate alpha-cell proliferation, 20 increased alpha-cell population may be caused by increased insulin, which is known to promote alpha-cell proliferation 43 but to inhibit both gene transcription and secretion of glucagon. [44] [45] [46] Thus, GH may directly and indirectly increase islet cell population, which contributes to islet hyperplasia in FGF21-KO mice. Dual effects of GH on islet insulin secretion have been previously reported, with GH stimulating insulin release directly but inhibiting glucoseinduced insulin release in isolated islets. 47 In corroboration, our results showed that both GH-treated normal mouse islets and FGF21-KO mouse islets displayed enhanced basal insulin secretion but impaired insulin secretion in response to glucose challenge, which were consistent with the in vivo data that FGF21-KO mice exhibited elevated basal serum insulin but reduced response to glucose administration during the glucose tolerance test. These results demonstrate that enhanced GH sensitivity in FGF21-KO mouse islets altered both basal and stimulated insulin secretion.
In the present study, we found that FGF21 inhibited GH signaling in islets, reversed GH-induced insulin expression, beta-cell proliferation, and impaired GSIS. On the other hand, GH sensitivity was enhanced in FGF21-KO mouse islets while the increased insulin expression and impaired GSIS could be rescued by blockade of GH signaling. These data further suggest that those observed phenotypes in FGF21-KO mouse islets are due, at least in part, to the removal of FGF21 inhibition on islet GH signaling. Our findings thus demonstrate that FGF21 is a critical factor in the maintenance of insulin sensitivity, normal islet cell growth, insulin synthesis, and islet function.
In conclusion, our findings support that FGF21 is an obligatory metabolic regulator in pancreatic islets, which sheds new light into the pathophysiological role of FGF21 in insulin resistance and islet dysfunction.
Materials and Methods
Animal models. Male FGF21-KO and WT mice of C57BL/6J origin were prepared as we described previously. 27, 48, 49 Male normal C57BL/6J mice were obtained from the Laboratory Animal Services Center of the Chinese University of Hong Kong. The experimental procedures were approved by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong (Ref.
No. 12/062/MIS-5).
In vivo glucose homeostasis. Glucose tolerance was assessed by an IPGTT. After 6 h fasting, mice were given 1.5 g/kg body weight of glucose (Sigma-Aldrich, St. Louis, MO, USA) by intraperitoneal injection and blood glucose was then measured. For the intraperitoneal insulin tolerance test, mice were injected with insulin (0.3 U/kg body weight; Eli Lilly and Company, Indianapolis, IN, USA) after 4 h fasting, and blood glucose levels were subsequently measured. Degrees of insulin resistance were estimated by HOMA-IR using the following equation: HOMA-IR = fasting serum insulin (mU/l) × fasting blood glucose (mmol/l)/22.4.
Pancreatic islet isolation, primary culture, and treatments. Intact pancreatic islets were isolated from mice as previously described. 8 Briefly, mouse pancreas was given intra-ductal injection of 0.3 mg/ml collagenase P (Roche, Mannheim, Germany) in Hanks' balanced salt solution (Sigma-Aldrich). The pancreas was removed and incubated in 37°C for 15 min. After washing and gradient centrifugation, the islets were handpicked under a stereomicroscope. Isolated islets were then cultured overnight in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% (vol/vol) bovine fetal serum (Gibco, Grand Island, NY, USA), 1% (vol/vol) penicillin, and streptomycin (Life Technologies). Islets were treated with recombinant FGF21 (University of Hong Kong; HKU, Hong Kong, China), 50 
